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Co-firing of Rice Straw and Natural Gas in Fluidized
Bed Furnace
ذ ِّيغِٙ ٜ في فشْ رٝاٌغاص اٌطثيؼٚ اٌحشق اٌّشرشن ٌمش األسص
Zaater G.*, El-Emam S.**, Awad M.**, Okasha F.**
*
East Delta Co. for Electricity, Egypt
**
Faculty of Engineering, Mansoura University, Mansoura 35516,
Egypt

:الملخص
ْ ذُ ذصّيُ اٌفش.ذ ِّيغِٙ ٜ فشْ رٝ فٝاٌغاص اٌطثيؼٚ ٘زا اٌثحس يمذَ دساعح ػٍّيح ٌالحرشاق اٌّشرشن ٌمش األسص
ٍٝ اٌشىً لطشٖ اٌذاخٝٔاٛ اٌفشْ أعط.ٜب اٌرمٍيذٍٛ األعٌٝذ اٌّّيغ تاإلظافح إٌٍّٙ ب ذشغيً ِثرىشٍٛاٌّغرخذَ تحيس يريح أع
 إٌافسٚذ رٌّٙ حاٌح إعرخذاَ اٝ ف.ُِ 0,83 ٍٝساٌفشْ لطشٖ اٌذاخٛب ٔفاز ػٕذ ِحٛد تأٔثِٚضٚ ، ُِ 0033 إسذفاعٚ ُِ 033
ٌٝ إٜب إٌفاز ِّا يؤدٛاء اٌالصَ ٌحشلٗ ِٓ خالي األٔثٌٛٙ ِخرٍطا تاٝد اٌغاص اٌطثيؼٛلٚ  (إٌظاَ اٌّثرىش) يرُ إِشاسٜسٛإٌاف
 حاٌحٝ تيّٕا ف.ذٌّٙاء أعفً اٌٛٙصع اِٛ اء اٌالصَ ٌحشق لش األسص ِٓ خاليٌٛٙ تيّٕا يّشس ا،ز ظا٘ض ٌإلشرؼايٛإٔراض ِٕف
صعِٛ  ِٓ خاليٜد اٌغاصٛلٌٛاٚ اء اٌالصَ ٌحشق وً ِٓ لش األسصٌٛٙ ِغ اٝ فيرُ خٍط اٌغاص اٌطثيؼٜذ اٌرمٍيذٌّٙاٌرشغيً تٕظاَ ا
.ُِ 3033 ٖذ تاسذفاع لذسٌّٙ اٍٝ شىً وشياخ صغيشج اٌحعُ أػٍٝ وال إٌظاِيٓ يرُ ذغزيح لش األسص ػٝفٚ .اءٌٛٙا
 يحمك أداءا أفعً ِٓ حيس أْ ػٍّيحٜسٛ إٌافس إٌافٚذ رٌّٙ أْ إعرخذاَ اٌٝا إٙصً إٌيٛ ذُ اٌرٝظحد إٌرائط اٌرٚلذ أٚ
 اٌفماػاخ وّاٜٛ ٌّحرٜز إحرشاق إٔفعاسٚ ذعٕة حذٍٝذؼًّ ػٚ ب عٍظٍٛ ذرُ تأعٝاٌغاص اٌطثيؼٚ اٌحشق اٌّشرشن ٌمش األسص
.ٜذ اٌرمٍيذٌّٙ حاٌح اٝ اٌحاي فٛ٘
 إٌّطمح اٌحشجٝ ذٕخفط دسظاخ اٌحشاسج فٜسٛ إٌافس إٌافٜذ رٌّٙظحد إٌرائط أٔٗ ػٕذ ذشغيً اٌفشْ تٕظاَ اٚوّا أ
اٍٙ ٔمٍٝذؼًّ ػٚ اٙة اٌّحيط تٌٍٙ تاورغاب ظضء وثيش ِٓ اٌحشاسج إٌاذعح ِٓ اَٜٛ حثيثاخ إٌافس إٌافٛذ حيس ذمٌّٙ اٍٝأػ
ٝ صادخ ليّرٗ تٕغثح وثيشج ِماسٔح تٕظيشٖ فٜاٌزٚ ذٌّٙلذ ذُ اٌرحمك ِٓ رٌه ِٓ خالي لياط حًّ اٌرثشيذ داخً اٚ .ذٌّٙ اٌٝإ
ي أوغيذٚ ذشًّ وال ِٓ أٝاٌرٚ ظحد إٌرائط أيعا إٔخفاض ٔغة ذشويض اإلٔثؼاشاخ اٌّخرٍفحٚ وّا أ.ٜذ اٌرمٍيذٌّٙحاٌح ا
ٝظ فٛ إسذفاع ٍِحٌٝ إٜ ِّا أد،دْٛ اٌصاتد اٌّفمٛ وّا ٔمص ِؼذي اٌىشت، أوغيذ اٌىثشيدٝٔشاٚ ٓظيٚأواعيذ إٌيرشٚ ،ْٛاٌىشت
.ٜسٛ إٌافس إٌافٜذ رٌّٙب اٍٛرٌه ػٕذ ذشغيً اٌفشْ تأعٚ ،وفاءج االحرشاق
ِٓ اٌحذٚ  ِٓ حيس ذحغيٓ وفاءج االحرشاقٝذ ٌٗ ذأشيش إيعاتٌّٙظحد إٌرائط أيعا أْ صيادج دسظح اٌحشاسج اٚلذ أٚ
ٜظيٓ ار أدٚ إٔثؼاز أواعيذ إٌيرشٍٝ تيّٕا واْ اٌرأشيش عٍثيا ػ.ْ اٌصاتدٛ ذمٍيً ِؼذي فمذ اٌىشتٝفٚ ،ْٛي أوغيذ اٌىشتٚإٔثؼاز أ
. أوغيذ اٌىثشيدٝٔذ يٕخفط ػٕذ٘ا إٔثؼاز شاٌٍّٙ ظذ أْ ٕ٘ان دسظح حشاسج ِؼيٕحٚ ٜ ِٓ ٔاحيح أخش.ٗ صيادذٌٝا

Abstract
Experimental study on co-cofiring of rice straw and natural gas has been performed in a fluidized bed. The used
combustor allows the novel, jetting-fountain configuration and the conventional operation as well. The experimental
apparatus is mainly a bubbling fluidized bed of 300 mm ID and 3300 mm height equipped with a 38.1 mm ID jetpipe located at the combustor center. In jetting-fountain configuration, natural gas premixed with the air required for
its combustion proceeds through the jet pipe to create jet-fountain zone. Whereas only the air required for rice straw
combustion passes through a gas distributor.
The findings of the experiments confirm that smooth combustion of natural gas with rice straw can be
performed in the jetting-fountain fluidized bed. This avoids acoustic effects and explosions of burning bubbles that
occurs in conventional operation.
The performance of the combustor has been found much better when operates at the jetting-fountain
configuration. Temperature measurements in the freeboard demonstrate that the jetting-fountain fluidized bed
dampens greatly the freeboard overheating. The fountain-particles absorb a great part of heat released in freeboard
and recover it back to the bed. The later hypothesis is confirmed by measuring the in-bed cooling load that was found
considerably increase, in particular, at lower bed temperature.
There is also a considerable reduction in different emissions including carbon monoxide, nitric oxides and
sulfur dioxide. The fixed carbon loss reduces as well. Combustion efficiency records higher values with jettingfountain configuration.
Received: 1 March, 2015 – Accepted: 6 April, 2015
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Increasing bed temperature is beneficial for reducing carbon monoxide, decreasing fixed carbon loss and
improving combustion efficiency. Existence of an optimum bed temperature for sulfur retention has been confirmed.
As normal, nitric oxides has been found increases with bed temperature.

Keywords: Fluidized Bed Co-firing, Jet, Gaseous Fuels, Biomass.
1. Introduction
Biomass is recognized as a potential
energy resource to mitigate emission
greenhouse gases [1, 2]. Utilization of
biomass energy at large scale could
contribute to sustainable development on
different fronts including, environmental,
social, and economical [3]. Biomass is
renewable and nearly CO2 neutral fuel when
managed in a sustainable manner [1, 4].
Moreover, using biomass for energy
production assists to solve the waste disposal
problem and avoid landfilling materials that
ultimately decompose forming both CO2 and
methane, more harmful greenhouse gas [5].
Nowadays biomass contributes about 10 to
15% of total world energy demand [3, 6].
Co-firing with fossil fuels promotes the
use of biomass and provides one alternative
to achieve emission reductions. Among the
other renewable energy options, co-firing is
the lowest risk, least expensive and most
efficient [7]. The addition of biomass to a
coal-fired boiler has no or slightly impact on
the overall generation efficiency of a coal
fired power plant [8]. Co-firing of biomass
and coal has been subjected to intensive
studies that used essentially every major
type of biomass (herbaceous, woody, animal
wastes, and anthropomorphic wastes)
combined with different rank of coal [9, 10,
11]. Contribution of biomass mainly reduces
CO2 emissions. Further, Co-firing of
biomass with fossil fuels provides means to
reduce SO2, and it may also reduce NOx
emissions [10, 11].
Open burning of rice straw is a serious
problem in Egypt where smoke cloud is
easily detected during the harvest season.
Burning of rice straw in the field releases
pollutants that contribute to greenhouse

gases without energy gain. Utilization of rice
straw and rice husk in energy production is a
promising option. Combustion of rice byproducts in fluidized bed has been carried
out in different works [12, 13]. Many other
works have successfully performed on cofiring with coal [14, 15] or bitumen [16,17].
In this work co-firing of rice straw and
natural gas in fluidized bed has been
investigated. However, the combustion of
gaseous fuels in fluidized beds is
characterized by acoustic effects and
explosion risk [18]. Post-combustion of
gaseous fuels in the freeboard is significant,
in particular, at lower bed temperatures
[18,19,20]. Post-combustion has been also
found important in combustion of biomass
[21] and liquid fuels [22-24]. In this respect,
the ejected bed particles in splashing zone
play an important role as they absorb and
recover a part of the heat released in the
freeboard back to the bed. These particles
also act as a heat sink that contributes to
controlling the freeboard temperature [17].
Moreover, other studies indicated that the
contact between gas and solids is very poor
in the main bed while it is very good in the
splashing zone [25].
To avoid the shortcomings discussed
above, a novel fluidized-bed configuration
of fluidized bed developed by Okasha
[26,27] has been applied for the present
study. The novel configuration, namely
jetting-fountain
fluidized
bed,
is
characterized by excellent gas-solids contact.
This feature is, thanks to creating a jet in
upper part of bed, establishing a fountain in
the freeboard and moderating bubbles size in
the main bed. Jetting-fountain configuration
enables gaseous fuels to burn smoothly
similar to a normal premixed flame avoiding
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acoustic effects and explosions risk. It
enables a rapid reliable method for initial
heating of fluidized bed reactor. The jettingfountain configuration reduces considerably
the power consumed in feeding gases to the
combustor.
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2. Experimental
2.1. Apparatus and technique
A bubbling fluidized-bed combustor has
been modified to adopt the jetting-fountain
configuration as shown in Fig. 1. It consists
of fluidization column of 300 mm ID and
3300 mm height. A nozzle-type plate is used
to distribute the gases at the bottom of the
fluidization column. These gases serve in
fluidizing bed materials. A stainless steel
tube of 38.1 mm ID is used to feed jet-gases
vertically upward. It passes through the
center lines of the plenum chamber and the
gas distributor plate to the centerline of the
fluidization column. The tube is designed to
be movable in the vertical direction in order
to adjust the location of the jet outlet
regarding the bed surface.

PTJ&PTD: Pressure
Tap
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13
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PTD

7
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PTJ
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1. Fluidization column
4. Compressor
7. Control valve
10. Sand hopper
13. Solid fuel hopper

2. Gas distributor
5. Air tank
8. Rotameter
11. Cooling water
14. Screw feeder

3. Jet pipe
6. Natural gas
9. Cyclone
12.Inverter
15.Motor

Fig.1 Bubbling fluidized bed combustor
adopting jet-fountain configuration

In conventional operation all air premixed with natural gas is delivered through
the gas distributor. In jetting-fountain
configuration, on the other hand, natural gas
premixed with the air required to its
combustion proceeds through the jet pipe to
create jet-fountain zone. Whereas only the
air required for rice straw combustion passes
through the gas distributor, see Fig. 2.

Rice straw
feeding

Natural gas
and its air

Rice straw air

Jetting-fountain
configuration

Natural gas Total air
Conventional operation

Fig. 2 Methods of feeding gases and rice
straw pellets
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The combustor is equipped with a
continuous over-bed fuel feeding system
using a screw feeder consists of two stages,
the first screw which conveys the fuel pellets
from the hopper into the second screw is
calibrated and driven by a variable speed
electric motor. The second screw feeder is
used to drive the fuel pellets to an inclined
pipe flanged with the combustor at 1500 mm
above the air distributor.
The combustor also contains a heat
exchanger system consisting of three
horizontal movable pipes. By virtue of this
system, bed temperature can be controlled
by adjusting the pipes penetration lengths
into the bed. In-bed cooling load can be
determined by measuring the inlet and outlet
temperatures in addition to the water flow
rate.
The column is implemented with 21
portals to insert probes for measuring
purposes. It is also furnished with two
eyeglasses to enable visualizing the
freeboard of fluidization column. Two taps,
PTD are used to measure the pressure drop
from the plenum to the freeboard. Two
additional taps, PTJ, are used to measure the
pressure drop from the jet pipe entrance to
the freeboard. PTD and PTJ taps in the
freeboard are located at 240 cm above the
distributor.
Jetting-fountain configuration enables a
rapid and reliable method for initial heating
of fluidized bed reactor. Gaseous fuel
partially premixed with air is fed through the
jet pipe. The remaining part of air is fed
through the distributor plate to fluidize bed
solids. When the bed reaches a preset
temperature the operating parameters are
regulated to predetermined values of a
designed test. In particular, the bed
temperature is regulated by adjusting
penetration lengths of the heat exchanger
pipes inside the bed. When the unit stabilizes
at the preset temperature, different
measurements are carried out.

Temperatures have been measured in
bed using various thermocouples of type K
at heights of 50, 150, 300, 400, 500, 650,
800, 1100, 1500, 1900, 2400 and 2900 mm
above the distributor. Measurements of
gases concentrations and temperature in the
freeboard have been carried out using
LANCOM III gas analyzer, which is able to
indicate O2, CO2, CO, SO2 and NOx
concentrations as well as gas temperature.
2.2. Materials
Silica sand of (0.5-0.8 mm) range size
and (2650 kg/m3) density has been used as
bed material. Rice straw in the pellet form is
used. The pellets are of a 12 mm diameter
and 10–15 mm lengths. The average bulk
density of the pellets is about 0.73 g/cm3.
Proximate and ultimate analyses of rice
straw are reported in Table 1a. Analysis of
rice straw ash is also given in Table 1b. The
chemical analysis of used natural gas is
reported in Table 2.
Table 1a Analysis of rice straw
Proximate analysis (as received.)
Moisture, %
Fixed carbon, %
Volatile, %
Ash, %
Ultimate analysis (dry basis)
Carbon, %
Hydrogen, %
Nitrogen, %
Sulphur, %
Chlorine, %
Ash, %
Oxygen, %
Low heating value, MJ/kg (as
received)

%
8.94
18.2
62.98
9.88
42.16
6.24
0.79
0.64
0.09
10.9
39.18
14.1

Table 1b Analysis of rice straw ash
Rice Straw Ash Analysis, %
CaO K2O
Na2O SiO2
9.23 38.92 2.16
44.72
TiO2 MnO MgO BaO
0.03 0.04
1.96
0.04

P2O5 FeO
1.63 0.14
Al2O3
1.13
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Table 2 Analysis of natural gas
N2+O2
0.211
ISOC4H10
0.602

CH4
92.19
NC4H10
0.383

CO2
0.718
ISOC5H12
0.336

C2H6
3.962
NC5H12
0.178

C3H8
1.143

U
m/s

700

800

850

900

0.277

RS
NG
RS
NG
RS
NG
RS
NG

UF
UJ
UF
UJ
UF
UJ
UF
UJ

1.17
0.0
0.88
16.7
0.59
33.4
0.29
50.2

1.29
0.0
0.97
18.0
0.64
36.1
0.32
54.1

1.35
0.0
1.01
18.7
0.68
37.4
0.34
56.1

1.41
0.0
1.05
19.3
0.71
38.7
0.35
58.0

Table 3 Fluidization (UF) and jet (UJ) velocities at
different bed temperatures for conventional and
jetting fountain configuration

Bed Temp.,
o
C
700
800
850
900

Jetting fountain
configuration

UF m/s

UJ m/s

UF m/s

1.41
1.55
1.62
1.70

0.0
0.0
0.0
0.0

0.59
0.64
0.68
0.71

Bed Temp.,oC

Fuel
Contribution

A series of steady state experimental
tests have been performed to investigate cofiring of rice straw and natural gas. It gives a
comparison between the jetting-fountain
configuration
and
the
conventional
operation. In conventional operation all air
premixed with natural gas are fed through
the gas distributor. On the other hand, in the
jetting fountain fluidized bed, only air
required for burning rice straw is fed through
the distributor. While natural gas premixed
with the air required to its combustion is fed
via the jet pipe creating a large fountain zone
in the freeboard. In this series of
experiments, the blending ratio of the rice
straw and natural gas is 50%:50% based on
the thermal load.
In all tests the static bed height is fixed
to 30 cm and excess air percent is kept
around 20%. The calculated fluidization
velocity and jet velocity for all tests are
reported in Tables 3 and 4. The fluidization
velocity is calculated at the corresponding
bed temperature while the jet velocity is
calculated at a mean value of the bed and the
ambient temperatures.

Conventional
operation

Table 4 Fluidization (UF) and jet (UJ) velocities at
different bed temperatures for different fuels
blending ratios

C6+

3. Results and Discussion

Configuration
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UJ m/s
33.4
36.1
37.4
38.7

100%
0%
75%
25%J
50%
50%
25%
75%

Temperature distributions have been
measured in the axial direction along the
combustor height. These serve in assessing
the overheating of the freeboard above the
bed temperature. The in-bed cooling load is
estimated by measuring the inlet and outlet
temperatures of cooling water. The in-bed
cooling load implies the amount of heat
absorbed by bed material from gases.
Concentrations of different species have
been measured at the combustor exit.
Materials collected in cyclone were
chemically analyzed to assess elutriated
fixed carbon. Fixed carbon loss is calculated
as a ratio between the rates of elutriated and
fed fixed carbon. Combustion efficiency, ηc,
is calculated on an energy basis assuming
complete burning of hydrogen. It is
mathematically determined according to the
following expression:

c  ( Ei  Eo ) Ei

(1)

where Ei is the energy content in fed
fuel and Eo is the energy content in
exhausted combustibles including fixed
carbon and carbon monoxide.
General observations have been noted
during these tests. The conventional
operation of the combustor is characterized
by relatively high acoustic effects due to
burning bubbles explosions. A relatively
rigorous vibration of the combustor is
recognized.
Post-combustion
in
the
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freeboard is also observed. On the other
hand, jetting-fountain configuration is
characterized by smooth combustion, less
vibration. A jet-fountain-flame zone was
also observed.
3.1 Axial Temperature Profiles
The axial temperature distributions for
the jet-fountain configuration in comparison
with the conventional operation at different
bed temperatures are shown in Figs. 3-6. The
horizontal and vertical dashed lines represent
the static bed heights and the nominal bed
temperatures, respectively. Fig. 3 indicates
that operation with the conventional
configuration at lower bed temperature (700
o
C) causes high overheating in the freeboard
(about 168 oC). This result is in agreement
with the previous findings [18,19,21]. At
lower bed temperatures natural gas mainly
burns in the freeboard [18,19] while a great
part of biomass volatiles escapes the bed to
burn in the freeboard [21]. Alternatively,
operation
with
the
jetting-fountain
configuration greatly dampens the freeboard
overheating (about 48 oC). Delivering
natural gas premixed with air via the jet pipe
creates a large fountain of particles that
obviously absorb a great part of combustion
heat released in freeboard and recover it
back to the bed.

Fig. 3 Axial temperature distribution (T b=700 oC).

Another factor that could play an
important role in this respect is the
fluidization velocity. In conventional
operation, all air required for combustion in
addition to natural gas are fed through the
gas distributor. Therefore, the fluidization
velocity is higher as reported in Table 3. The
generated bubbles are, then, larger with
higher velocities while the residence time of
gases within the bed becomes smaller. All
these consequences have negative impact on
combustion processes within the bed. On the
other hand, in the case of the jetting-fountain
configuration, only the air required for rice
straw combustion is fed through the gas
distributor that results in lower fluidization
velocity, see Table 3. Therefore the bubbles
are smaller and slower. As residence time of
gases becomes longer the combustion
processes have a greater chance to be
completed within the bed.
The same discussion is still valid for
Figs. 4 and 5 that reports the results at 800
o
C and 850 oC bed temperatures nevertheless
the overheating becomes smaller. Obviously,
greater part of gaseous fuel burns inside the
bed with increasing its temperature. At bed
temperature of 900 oC the overheating is
almost the same for the two configurations,
see Fig. 6.

Fig. 4 Axial temperature distribution (T b=800 oC).
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where the combustion zone tends to move
from the freeboard to the bed.

Fig. 5 Axial temperature distribution (Tb=850 oC).

Fig. 7 Freeboard overheating as a function
of bed temperature.

3.2. Cooling Load
Figure 8 shows the in-bed cooling load as a
function of bed temperature for the two
configurations. The in-bed cooling load is
estimated based on temperature rise and
flow rate of cooling water. In general,
jetting-fountain
configuration
exhibits
greater amount of coaling load, in particular,
at lower bed temperatures. It is

Fig. 6 Axial temperature distribution (T b=900 oC).

Figure 7 illustrates the maximum
freeboard overheating of the jet- fountain
configuration in comparison with the
conventional as a function of bed
temperature. The freeboard overheating is
the difference between the maximum
measured temperature in the freeboard and
the bed temperature. The reported data
confirm
that
the
jetting-fountain
configuration considerably dampens the
overheating in freeboard, in particular, at
lower bed temperatures. The figure also
indicates that the overheating reduces with
increasing the bed temperature. This is
particularly for conventional operation

Fig. 8 In-bed cooling load as a function of different
bed temperature.

Obvious that the fountain-particles absorb a
considerable part of released combustion
heat in the freeboard and recover it back to
the bed. With increasing bed temperature,
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the flue gases have higher enthalpy and heat
transfer through the wall increases.
Considering the same flow rates of the fuels,
the
in-bed
cooling
load
reduces.
Alternatively, in the case of conventional
operation, in-bed cooling load multiplies
with bed temperature as the combustion
zone moves from the freeboard into the bed.
Accordingly, bed particles absorb greater
part of the heat released and transfer it to the
cooling water.
3.3. Gaseous Emissions
Sulfur dioxide emission as a function of
bed temperature is shown in Fig. 9. The
figure is a comparison between convention
operation and jetting-fountain configuration.
It is noted that the reported values of SO2
emission are less than the theoretical
concentration that would correspond to the
total sulfur content of the fed fuels. The
theoretical SO2 concentration is about 435
ppm under the considered conditions.
Actually, sulfur is partly retained by mineral
matters found in rice straw ashes, in
particular, calcium and potassium oxides
(see Table 1b). The sulfur retention
efficiency is calculated based on the values
reported in Fig. 9. The sulfur retention
efficiency ranges are 27–42% for jetting
fountain configuration and 12-23% for
conventional operation. The reduction in
sulfur dioxide emission in the case of jettingfountain configuration may be attributed to
the hydrodynamic effect as the fluidization
velocity is lower, see Table 3, residence time
becomes longer and bubbles sizes become
smaller. Those latter consequences favor
sulfur self-retention processes [28]. Another
factor could be important is the dilution
effect. In conventional operation, all gases
pass the bed that makes the concentration of
SO2 generated lower. Alternatively, in the
jetting-fountain configuration, there are two
distinct zones of combustion. The main bed
and an outer part of the freeboard is a
combustion zone for rice straw and its

volatiles while the jetting-fountain zone in
the inner part of the freeboard is the zone for
natural gas combustion. As only the air
required for rice straw combustion is
delivered, the distributor when applying
jetting
fountain
configuration.
The
concentration of SO2 turns to be higher. It
appears logical that the higher concentration
of SO2 accelerates the sulfur self-retention
processes.
Figure 9 also shows the effect of bed
temperature on the SO2 emission. SO2
concentration reduces with increasing bed
temperature until a minimum value. This
implies that sulfur self-retention improves
with temperature, reaching an optimum at
about 850 oC, since reactivity of sorbents
may increase with temperature. Further
increasing in bed temperature, however,
leads to an increase in SO2 emission. This
latter
trend
appears
related
to
devolatilization process that intensifies with
increasing
bed
temperature,
and
consequently, SO2 tends to escape rapidly
the burning pellet without retention.
Additionally,
with
increasing
bed
temperature decomposition of CaSO4
becomes more likely. Existence of an
optimum temperature for sulfur selfretention was reported by some authors [29].

Fig. 9 Sulfur dioxide: a comparison between jettingfountain configuration and conventional operation.
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Nitric oxides concentration has been
measured and reported as a function of bed
temperature in Fig. 10. The jetting-fountain
configuration exhibits less NOx emission
compared to conventional operation. This
may be ascribed to three main reasons. The
first reason is hydrodynamic behavior.
Introducing less air in the bottom zone leads
to a decrease in fluidization velocity and in
bubbles sizes. Therefore, gas residence time
increases and mass transfer processes
improve within the bed. Those later
consequences should lead to an enhancement
in NO reduction. Further introducing less air
in the bottom zone leads to higher NOx
concentration that should force toward NOx
reduction. The lower freeboard overheating
in the case of the jetting-fountain
configuration, see Fig. 7, could be the third
reason. Fig. 10 also indicates that increasing
bed temperature leads to higher NOx
emission, a well known trend.
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configuration. This is more evident at lower
bed temperature. These results may be
explained as follow: In conventional
operation, all air required for combustion in
addition to natural gas are fed through the
gas distributor. Hence, the fluidization
velocity is considerably higher as reported in
Table 3. The generated bubbles are, then
larger with higher velocities while the
residence time of gases within the bed
becomes shorter. Therefore, the combustible
and oxygen don't have sufficient time for
intimate mixing and complete combustion.
The situation appears worse for rice straw as
biomass tend to concentrate near the bed
surface during devolatilization period due to
the draft effect of forming volatile bubbles
[30]. Moreover, segregation of volatiles in
bubbles decelerates mixing with oxygen. On
the other hand, in the case of jetting-fountain
configuration, only the air required for rice
straw combustion is fed through the gas
distributor that results in lower fluidization
velocity, see Table 3. Therefore, the bubbles
are smaller and slower. As residence time of
gases becomes longer, the rice straw
volatiles have a greater chance to burn
within the bed. Moreover, natural gas mixed
with the air required for its combustion is
delivered via a jet pipe and burns in a
jetting-fountain flame in a manner similar to
conventional turbulent flame.

Fig. 10 Nitric oxides: a comparison between jettingfountain configuration and conventional operation.

3.4 Combustible Losses
Figure 11 presents carbon monoxide
emission for jetting-fountain configuration
in comparison with conventional operation.
Carbon monoxide is reported as a function
of bed temperature. Conventional operation
exhibits much higher carbon monoxide
emission compared to jetting-fountain

Fig. 11 Carbon monoxide: a comparison between jettingfountain configuration and conventional operation.
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Fig. 12 presents fixed carbon loss as a
function of bed temperature. The figure
indicates that fixed carbon loss considerably
lower when the combustor operates at
jetting-fountain configuration. These trends
again may be attributed to the hydrodynamic
behavior of the bed. As reported in Table 3,
the fluidization velocity is lower in the case
of the jetting-fountain configuration as only
the air required for rice straw is fed through
the
distributor.
Consequently,
char
comminution (attrition and fragmentation)
lessens as the bed becomes less turbulent.
Moreover, a lower percentage of particulates
with terminal velocities less than the
fluidization velocity will be entrained out of
the bed. Fig. 12 also shows that rising bed
temperature causes a significant reduction in
the fixed carbon loss. With rising bed
temperature the reactivity of char
combustion increases that leads to a
reduction in char concentration in the bed.
And
consequently,
generation
and
entrainment rates of fine chars become also
lower.

3.5 Combustion Efficiency
The combustion efficiency is shown in
Fig. 13. as a function of bed temperature.
Combustion efficiency exhibits higher
values
with
the
jetting-fountain
configuration. The gain in combustion
efficiency is mainly attributed to the
reduction in fixed carbon loss, see Fig. 12,
and partially to the reduction in carbon
monoxide concentration, see Fig. 11. The
positive impact of bed temperature on
combustion efficiency is evident in Fig. 13
as combustion efficiency becomes greater at
higher bed temperature. Increasing bed
temperature multiplies the reactivity of
combustibles that reduces steadily fixed
carbon loss and carbon monoxide as
discussed above.

Fig. 13. Combustion efficiency: a comparison
between jetting-fountain configuration and
conventional operation.

Conclusions

Fig. 12 Fixed carbon loss: a comparison between
jetting-fountain configuration and conventional
operation.

Experimental study on co-firing of rice
straw and natural gas has been performed in
a fluidized bed. The used combustor enables
the novel, jetting-fountain configuration and
the conventional operation as well.
The findings of the experiments confirm
that smooth combustion of natural gas with
rice straw can be performed in the jettingfountain fluidized bed. This avoids acoustic
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effects and explosions of burning bubbles
that occurs in conventional operation.
Temperature measurements in the
freeboard demonstrate that the jettingfountain fluidized bed dampens greatly the
freeboard overheating, in particular, at lower
bed temperatures. The fountain-particles
absorb a great part of the heat released in the
freeboard and recover it back to the bed. The
later hypothesis is confirmed by measuring
the in-bed cooling load that was found
considerably increase, in particular, at lower
bed temperature.
The performance of the combustor has
been found much better when operates at the
jetting-fountain configuration. There are
great reduction in different emissions
including carbon monoxide, nitric oxides
and sulfur dioxide. This is, in particular,
obvious at lower bed temperature. The fixed
carbon loss reduces as well. Combustion
efficiency records higher values with jetfountain configuration.
Influences of bed temperature on
combustion performance have been studied.
Increasing bed temperature is beneficial for
reducing carbon monoxide, decreasing fixed
carbon loss and improving combustion
efficiency. Existence of an optimum bed
temperature for sulfur retention has been
confirmed. As normal, nitric oxides has been
found increases with bed temperature.
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